Residual stresses are those stresses that remain in a body when there is no external load applied. Numerous factors can induce residual stresses in the material, including cold forming. Thermal treatments of steel are widely used because they can improve the mechanical properties of the steel, such as toughness, tenacity, and resistance; however, thermal treatments can also produce residual stresses. This study aims to analyze the residual stresses present in a cold-forged part after heat treatments. Half-cylinder samples of AISI 1045 steel were cold-forged, and a wedge tool was pressed into their surface, causing a strain gradient. The samples were then heat-treated by annealing, normalizing, quenching, or quenching and tempering. A numerical simulation was also performed to aid in choosing the measurement points in the samples. The results show that residual stresses are dependent on the heat treatment and on the intensity and nature of previous residual stresses in the body.
Introduction
In the forging process, metal is deformed plastically between two or more dies to give it the desired shape and size. The friction at the die-specimen interface creates nonuniform strain and stress distributions. This inhomogeneity in deformation is manifested in the bulging of the specimen. Another significant consequence of the inhomogeneity is the generation of residual stresses on unloading, as shown by Mungi et al. [1] . Using numerical analysis of an axisymmetric forging process, which was validated by comparison with experimental results from the literature, they showed that there was a region with a high residual stress gradient at the edge of the interface between the tool and the metal piece.
Residual stresses are the stresses remaining in a body when all external forces have been removed. These stresses are a consequence of heat treatment, as has been observed previously. Camurri et al. [2] conducted an experiment to verify the influence of quenching on residual stress in grinding balls. Residual stress results obtained from X-ray diffraction showed good agreement with the results predicted by a numerical model. Lados et al. [3] used a modified quenching method to reduce the residual stress in a cast alloy. The method consisted of a conventional quench followed by an uphill quench. Forming processes are also responsible for introducing residual stress in parts. Martins et al. [4] deformed one region of a stamped valve to introduce compressive residual stress, thereby improving the valve's fatigue strength. Machining is another source of residual stress. Tang et al. [5] , for example, studied the influence of tool flank wear on residual stresses in milled parts. They observed that, as the tool flank wear increased, the compressive residual stresses and the part thickness also increased.
In general, the pattern of residual stress will be opposite to the pattern of the plastic strain that produced it. For example, in the case of a rolled sheet, the residual stress pattern consists of a high compressive stress in the surface that was elongated in the longitudinal direction by the rolling process. After the external force has been removed, there is compressive stress at the surface and tensile stress at the center of the sheet. Compressive residual stress is desirable when the part will be submitted to cyclical loads because the residual stress prevents nucleation and the propagation of cracks, reducing the possibility of failure by fatigue.
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Two types of tests are used to measure residual stress: destructive tests and nondestructive tests.
The most common nondestructive tests are based on the relationships between physical parameters measured by Xray or ultrasound. The stress state is determined from the interaction of a monochromatic beam with a polycrystalline material, in which the incident photons diffract as described by Bragg's law, as observed by Meisner et al. [6] . They used this technique to study the residual elastic stresses and microstructure in near-surface layers that had been modified using electron beams. When part of a polycrystalline material has been plastically deformed, a uniform strain results over long sections of the crystalline lattice planes containing crystallites (i.e., grains), which changes the free state to a new state that is dependent on the intensity of the applied stress. This new spacing between the grains (in any group of planes with the same orientation relative to the applied stress) can be measured by X-ray diffraction. Other nondestructive techniques include ultrasonic velocity measurement and Barkhausen noise analysis.
In this work, another technique is used to evaluate residual stress. This technique is based on an indentation test, as described by Wronski et al. [7] . They developed a technique relating residual stress to microhardness. This technique was used by Bocciarelli and Maier [8] to identify and map residual stress; they compared their results with numerical simulations and obtained very good agreement. The method is based on the phenomenon that, in a surface under compressive residual stress, indentation will be difficult and the hardness will be greater than in a surface without residual stress. In the case of tensile residual stress in the surface, indentation will be easier and the hardness will be less than in a surface without residual stress. Consequently, a map of the amount and distribution of residual stress can easily be obtained at low cost, without the need for sophisticated equipment.
Heat treatment of steel parts is widely used to improve the steel's mechanical properties. Often, cold-formed parts are subjected to heat treatment to improve the mechanical properties after the forming process or to eliminate undesirable properties.
There are numerous heat treatments used for steel; the most common are quenching, tempering, normalizing, and annealing. Quenching is used to increase the hardness of the material. Tempering acts to relieve the stresses induced by quenching. Annealing is used to recover cold work and relax the internal stresses, thereby improving formability. Normalizing is generally used to improve the mechanical properties of the material by refining its microstructure. An example of research involving residual stress and heat treatment is the work of Tanner and Robinson [9] . They studied closed-die forgings manufactured from aluminum alloy submitted to standard and nonstandard heat treatments to reduce the as-quenched residual stress magnitude. They concluded that quenching in boiling water results in a very low residual stress; however, it also promotes unsatisfactory mechanical properties.
Koç et al. [10] investigated the possibility of using cold forming to reduce the residual stresses resulting from quenching. In their work, they submitted a quenched part to compression or stretching via a cold process. Their results showed that the level of stress in the part could be reduced by up to 90%.
To reduce expense and time, a factorial design is a good statistical technique to use for experiments. Factorial design allows the experimenter to determine the influence of process factors and analyze their interactions. Grum and Slabe [11] used this technique to investigate and choose the best conditions for heat treatment in Ni-Co-Mo surfaced layers. They recommended its use because of its simplicity and the ease of adapting it to other experimental processes. Another example of the use of statistical techniques to study the influence of process parameters was presented in the work of Grum and Bergant [12] . They used a Taguchi method based on the analysis of variance to determine the optimum method for the flame spraying of NiCrBSi coatings to obtain greater adhesive strength in the coatings. The quality of the coatings was confirmed by experiments using the optimal parameter settings.
Experiments
This study aims to analyze the residual stresses present in a cold-forged part after heat treatments. It is assumed that there will be a superposition of residual stresses in the final product, combining the residual stresses generated during cold forming with those induced by heat treatment. It is expected that the results will enable designers to choose manufacturing and heat treatment processes that will increase the mechanical strength of a part.
In experiments, residual stresses were evaluated using a microindentation test technique. A sample of AISI 1045 steel was forged and then submitted to different heat treatments. Microhardness tests were performed on the sample to determine the effects of cold forming and heat treatments.
Materials.
A wedge-shaped tool was manufactured using AISI H13 steel and then quenched and tempered to RC 52 hardness. The wedge angle was 75 ∘ , and the wedge base length was 5 mm. A support for the samples was made using the same material and submitted to the same heat treatment.
Samples of AISI 1045 steel were forged using this tool. The samples were forged into the shape of a half cylinder with a radius of 12.5 mm and a thickness of 10 mm. This steel was chosen because it can accept a wide range of heat treatments. A tensile test was performed to determine its mechanical properties. Its ultimate tensile strength was 572 MPa, and its yield tensile strength was 489 MPa. Its chemical composition is shown in Table 1 .
Methods.
The experiments were performed using a factorial design with two influence factors. The first factor was the material condition (A), with six levels: forged and quenched (A1); forged, quenched, and tempered (A2); forged as-received (A3); forged and normalized (A4); unforged asreceived (A5); and forged and annealed (A6). The second factor was the measurement position (P), with three levels: the left edge of the wedge impression (P1), the center of 
the wedge impression (P2), and the right edge of the wedge impression (P3). The response variable was the Vickers microhardness. Vickers microhardness was used because the breadth of its scale enabled the evaluation of the wide range of hardness values expected between the as-received condition and the quenched condition. The load used in the tests of the quenched, quenched and tempered, normalized, and forged as-received specimens was 500 N. The load used in the tests of the annealed and unforged as-received specimens was 294 N. These loads were required to obtain precise results.
Finite element analysis was used to determine the regions in which the sample would be most sensitive to the residual stresses due to forging. The finite element analysis was performed in Abaqus software using 3000 solid parametric 8-node elements. An elastoplastic model was used to represent the stress-strain curve of the material.
The heat treatments were performed as follows. For quenching, the material was heated to 800 ∘ C, maintained at this temperature for 25 minutes, and then cooled in water with a circular motion. For annealing, the material was heated to 800 ∘ C, maintained at this temperature for 25 minutes, and then cooled in a furnace. Normalization was performed by raising the material temperature to 910 ∘ C, maintaining this temperature for 25 minutes, and then cooling the material in calm air. For tempering, the material was heated to 400 ∘ C, maintained at this temperature for 30 minutes, and then cooled in calm air.
A factorial design was used for the experiments. In each condition, the measurement was repeated three times.
Analysis of variance was used to interpret the results, with a significance level of 5%. The design of the experiments is presented in Table 2 . Figure 1 presents the results of the numerical simulation. Care was taken when the wedge tool was retrieved after forging was completed; so the effective stresses shown in the figure represent the residual stresses due to the forging operation. As shown in Figure 1 the highest strain occurs near the edges of the wedge. It can be observed that the stresses near the center of the wedge are of significantly lower intensity. The measurement positions, P1, P2, and P3, are shown in the figure. The indentation tests were performed at these three points to measure the microhardness. Figure 2 shows the average hardness from the three measurements taken at each position in each condition. Taking as a reference the unforged as-received condition (A5), it is clear that the heat treatments increased the hardness in all cases except condition A6. If the forged as-received condition (A3) is used as the reference, then the quenching treatment and the quenching and tempering treatment increased the hardness of the specimen, whereas the annealing and normalizing treatments reduced the hardness. The figure also shows that there was no significant difference in hardness between the three measurement positions for each treatment.
Results
The annealing treatment reduced the hardness to a level that was less than the hardness measured in the unforged asreceived material.
The normalization treatment also reduced the residual stress relative to the stress measured in the forged specimen, but the stress remained higher than in the unforged asreceived material.
The quenching treatment and the quenching and tempering treatment increased the residual stress relative to the forged as-received specimen, and these stresses were compressive. The results of the experiments are shown in Table 3 , and a graph of the average hardness for each position is shown in Figure 2 . Table 4 presents the analysis of variance results. In the table, SST is the sum of squares for all measurements, SS (A) is the sum of squares for all treatments (i.e., all conditions), SS (P) is the sum of squares for all positions, SS (A × P) is the sum of squares for all interactions, and SS err is the sum of squares of the errors for all measures. GL is the degree of freedom for each element. MSS is the average sum of squares.
Advances in Materials Science and Engineering
is the Fisher statistic used to evaluate the variance of an element. calc is the observed Fisher statistic, and tab is the expected value at the 95% confidence level. If the expected variance ( calc) is less than the observed variance ( tab), then the treatment significantly influenced the result and the treatment averages were different.
The analysis of variance results show that both the thermal and mechanical treatments influenced the result because there was a statistically significant difference. Therefore, the average hardness was different for the different conditions (i.e., the thermal and mechanical treatments).
A significant effect of the measurement position was not found. Therefore, the hardness at positions P1, P2, and P3 was statistically equal. The analysis of variance also showed no significant interaction between the treatment and the measurement position.
Discussion
The unforged as-received condition (A5) is taken as the reference material. The material used was a rolled steel. Therefore, residual stress was introduced by the previous rolling process. Rolling introduces compressive residual stress, as was verified by Wronski et al. [7] in their study of the effect of rolling on the residual stress in FCC and BCC metals.
An increase in hardness relative to the reference material indicates the presence of compressive residual stresses, whereas tensile residual stresses are indicated by a reduction in hardness. Consequently, the cold forging condition (A3) introduced greater compressive residual stress at the measurement points (P1, P2, and P3). This is consistent with previous results in the literature, such as the work of Martins et al. [4] previously mentioned. Compressive stress is beneficial for parts that are subject to cyclical loads because it helps to prevent the initiation and propagation of cracks.
The specimen that was annealed after forging (condition A6) demonstrated an undesirable effect because its hardness was reduced to less than the hardness measured in the reference material. Any residual stress in the reference material Advances in Materials Science and Engineering 5 would have been eliminated by annealing. Consequently, tensile residual stresses would be superimposed in the specimen, reducing the compressive residual stresses resulting from forging or producing completely tensile stresses. This effect is well established in the literature, as in the work of Fu and Jiang [13] . In their work, they observed stress relaxation in the surface layer of shot-peened steel after annealing. The stresses introduced by forging were relieved, but not eliminated, when the normalizing heat treatment was used (condition A4). This can be expected because normalization is a stress-relieving heat treatment. For example, Wei and Lu [14] observed a reduction in tensile strength after single and multiple normalization steps in welded steel.
Quenching after forging (A1) increased the hardness more than any other treatment and consequently increased the compressive residual stress. This was previously observed by Camurri et al. [2] , as cited in the Introduction. As expected, the specimen that was forged, quenched, and tempered (condition A2) showed greater relief of residual stress than the specimen that was forged and quenched. Like normalization, tempering is a stress-relieving heat treatment.
Conclusions
Residual stresses can be beneficial or not, depending on the intended use of the mechanical part. For parts exposed to cyclical loads, the presence of compressive residual stresses is desirable. After cold forging AISI 1045 steel samples and applying heat treatments, we can conclude the following.
(1) Cold forging introduced compressive residual stresses in the surface region studied, which would increase the strength of a cyclically loaded part.
(2) The quenching treatment and the quenching and tempering treatment increased the compressive residual stresses in the forged specimen, amplifying the compressive residual stresses generated during forging.
(3) The normalization treatment reduced the residual stresses in the forged specimen. Because compressive residual stresses are desirable, normalization worsens the results obtained by forging.
(4) The annealing treatment reduced the residual stresses to a level lower than in the as-received material. All compressive residual stresses introduced by forging were relieved.
(5) Three measurement points were chosen in the region of increased plastic strain to study the residual stress.
However, no statistically significant differences were observed between the residual stress measurements from the three points.
As a general conclusion, focusing on the compressive residual stress, annealing and normalization treatments are not recommended for a forged part. Only quenching or quenching followed by tempering was shown to increase the compressive residual stress in cold-forged parts.
